Patterning of cross-linked hydrophilic polymer features using reactive ion etching ͑RIE͒ capable of covalently immobilizing proteins has been achieved. Projection photolithography was used to pattern photoresist to create micromolds. Vapor phase molecular self-assembly of polymerizable monolayer in molds allowed covalent binding of hydrogel on surface during free-radical polymerization. Excess hydrogel blanket film was consumed with oxygen RIE resulting into hydrogel pattern of 1 m size aligned to prefabricated silicon oxide structures. Proteins were finally coupled through their primary amine groups selectively to acid functionalized hydrogel features through stable amide linkages using 1-ethyl-3-͓3-dimethylaminopropyl͔carbodiimide hydrochloride and N-hydroxysulfosuccinimide.
Microarrays have revolutionized the field of highthroughput screening 1,2 of potential drug molecules, 3 early disease detection, 4 personalized medicine, 5 and cell signaltransduction pathways. 6 However, a need for standardized microarray platform exists enabling data comparison across wider range of experiments. 7 The importance of improved technologies for standardized readout from protein arrays and lab-on-a-chip has been described elsewhere. 8, 9 Microfabrication processes have been evolving for the past half a century and are now being used in lab-on-a-chip type devices. 9 These can potentially be used to integrate microelectronic sensors with microarrays 10 thereby resulting in comparable data across the chips with statistical relevance. However, the processes allowing the integration of standard microfabrication with biomolecular patterning are still premature. We recently reported an e-beam based technique for immobilizing probe oligonucleotides 11 and now demonstrate the integration of photolithography, vapor phase molecular self-assembly 11 of polymerizable monolayer, and reactive ion etching ͑RIE͒ ͑using oxygen plasma 12 ͒ to pattern hydrogel ͑cross-linked hydrophilic polymer͒ features capable of maintaining aqueous physiological environment. Proteins were further immobilized on these hydrogel features through covalent amide linkages. Surfactant based aqueous protein formulations were employed to minimize nonspecific background signal.
A hydrogel surface capable of maintaining physiological environment has been accepted as a suitable surface to immobilize proteins 1,2,13 but the fabrication techniques [13] [14] [15] [16] [17] [18] used to pattern hydrogel restrict their alignment and integration with surface sensors. The size and shape of hydrogel features obtained using photopolymerization are difficult to control due to the diffusion of the free-radical initiator after photoactivation into the surrounding unactivated hydrogel precursor. 2,14 Surface tension of gel precursor during microcontact printing and capillary force lithography destroys the shapes of the hydrogel features when the polydimethylsiloxane ͑PDMS͒ stamp is withdrawn. 15, 16 Although a photoreactive coating underneath the hydrogel film helped in confining its dimensions, 15 it is nontrivial to remove the gel precursor, a thin film of which is trapped where the PDMS stamp contacts the glass surface. Most importantly, aligning a patterned PDMS stamp with preexisting microelectronic circuit on the sensor chip poses a debilitating challenge to the adoption of these processes by the microelectronics industry. Although high-resolution alignment and cross-linking can be attained by electron beam, 18 it is not a technique of choice for high volume manufacturing. Therefore, we have developed integrated microfabrication of hydrogel features using processes widely used in the microfabrication industry and may therefore allow the exploitation of the microelectronics industry infrastructure to lab-on-a-chip applications.
First, we used the integration Scheme I ͑details in Fig. 1͒ to microfabricate the hydrogel features ͓Fig. 2͑a͔͒. 19 In order to confirm the presence of carboxylic acid groups on the hydrogel features, the primary amine containing fluorescent molecule was conjugated to the hydrogel 20, 21 and analyzed by fluorescence microscopy 22 ͓Fig. 2͑b͔͒. Protein A was then covalently immobilized using similar procedure 20 Several processing issues were encountered with Scheme I. It was important to dehydrate the hydrogel film before coating with polymethyl methacrylate ͑PMMA͒ 3, since PMMA would not adhere to the hydrated hydrogel polymer. PMMA was introduced to act as a barrier layer and protect the hydrogel from the aqueous photoresist developer that may swell the hydrogel, resulting in delamination of the photoresist. Defects, however, arose in the photoresist patterns where PMMA was not conformal ͓Fig. 3͑a͔͒, which were transferred to the hydrogel layer during oxygen RIE 4 ͓Fig. 3͑b͔͒. Although oxygen RIE process 12 resulted in defined hydrogel patterns 4 in the regions of conformal PMMA as shown in Fig. 2͑a͒ , they lost their structure during the immobilization procedure 5. We found that hydrogel features became distorted as they swelled due to hydration ͓Figs. 2͑b͒ and 2͑c͒, supplemental information 24 EPAPS͔. In response to this shortcoming, a second integration Scheme II was developed where steps were taken to eliminate PMMA and the effects of hydrogel swelling. The hydrogel features were formed in the micromolds ͓Figure 4͑a͔͒ in photoresist patterns that were aligned to prefabricated structures in silicon oxide. The dehydration and subsequent rehydration steps were eliminated in this sequence of steps, preserving the desired shape of the hydrogel features. The presence of carboxylic acid groups, shape of the resulting hydrogel features, and protein A immobilization on the hydrogel features 9 were confirmed ͓Figs. 4͑b͒ and 4͑c͔͒. [20] [21] [22] [23] Microfabrication schemes similar to Scheme II involving metal patterning usually require an organic solvent based liftoff procedure to remove the photoresist and the metal film. However, since the hydrogel film was conformal the solvent could not contact the photoresist thereby prohibiting the use of lift-off process. Other potential processes including chemical-mechanical polishing 25 or time-dependent wet etching also could not be utilized with the cross-linked hydrogel polymer that would not dissolve in the wet etchant. Therefore, we resorted to RIE process 12 where reactive oxygen species reacts with the hydrocarbon species ͑C, H, N, and O͒ to form volatile by-products. We used isotropic RIE conditions to remove the contiguous cross-linked hydrogel polymer film resulting in the desired hydrogel features with 1 m dimensions.
In summary, we have demonstrated an integrated microfabrication technique for patterning hydrogel polymer in micron range using oxygen RIE process 12 integrated with photolithography, vapor phase molecular selfassembly, 11 and on-chip free-radical polymerization. This method can be used to pattern proteins on surfaces with microfabricated sensors that can reliably and reproducibly generate consistent data from the microarray substrates. Integration with microfluidic channels and microfabricated topography will enhance the prospects of lab-on-a-chip technologies 9 and could also be applied to pattern other cross-linked hydrophilic polymers such as polysaccharides.
FIG. 1. Schemes I and II used for fabrication of microhydrogel features. Scheme I: 1 Liquid phase molecular self-assembly ͑Ref. 11͒ of polymerizable monolayer ͑Ref. 26͒ over thermally oxidized silicon wafer. 2 Thin film of hydrogel containing acid functional group was polymerized on wafer and sacrificial wafer was used for planarization ͑Ref. 27͒ 3 Sacrificial wafer was removed and hydrogel film was dehydrated in ethanol, polymethylmethacrylate ͑PMMA͒ and photoresist were spin coated, and projection photolithography was employed to pattern photoresist. 4 Anisotropic oxygen based reactive ion etch ͑RIE͒ ͑Refs. 12 and 28͒ was used to etch exposed PMMA and hydrogel film using photoresist as a mask. 5 Photoresist and PMMA were removed using acetone and protein A was covalently immobilized on the hydrogel via amide bonds ͑Ref. 20͒. Scheme II : 6 Projection photolithography was used to define the shapes of molds. 7 Vapor phase molecular self-assembly ͑Ref. 11͒ of polymerizable monolayer ͑Ref. 29͒ and thin hydrogel film containing acid functional group was polymerized on the wafer using sacrificial wafer for planarization ͑Ref. 27͒. ͑Vapor-phase molecular self-assembly of polymerizable monolayer was used in order to avoid the liquid organic solvents which would dissolve the photoresist molds.͒ 8 Timed isotropic oxygen RIE ͑Refs. 12 and 28͒ was used to etch hydrogel film leaving behind the hydrogel features inside the molds. 9 Photoresist was removed using acetone and protein A was covalently immobilized on the hydrogel via amide bond ͑Ref. 20͒. Significant progress has also been made in our laboratory to functionalize each hydrogel feature selectively with different proteins enabling high-throughput capability to the multiplexed proteins arrays and providing an important tool to study the interaction of cells 6 with multiplexed protein micropatterns. 
